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a b s t r a c t
A method is described for quantitative measurement of the hydrogen ﬂux through protonic ceramic
hydrogen separation membranes under practical operating conditions. The method uses a simple
stoichiometric titration technique to determine the quantity of oxygen required in the membrane
permeate stream to reach the lambda transition point, as determined by a down-stream zirconia oxygen
sensor. As such, the method does not require the use of gas chromatographs or mass spectrometers,
which are difﬁcult to calibrate for hydrogen under high pH2O conditions. The theory of operation and
application to yttrium-doped barium cerate/zirconate, BCZY, membranes is laid out in detail in
consideration of the unique transport properties of these perovskite proton conductors under galvanic
operation in asymmetric atmosphere conditions. The Faradaic efﬁciency toward hydrogen in these
membranes was found to be 95% at 700 1C, and the H2 ﬂux was 1.4 sccm/cm
2 (0.95 μmol/s cm2) when
pumped galvanically at 8 V.
& 2014 Elsevier B.V.. Published by Elsevier B.V.
1. Introduction
Hydrogen separation membranes have emerged as one of the
key enabling technologies for a wide range of commercial energy
technologies involving non-oxidative coupling of hydrocarbons.
Hydrogen gas is readily turned into water when it comes in contact
with oxygen, so making hydrogen and hydrogen-containing products
other than water requires the ability to modify the concentration of
hydrogen in a gas in the absence of oxygen. Dense ceramic proton
conductors are the leading candidates for many of these applications.
Transport of hydrogen to or from a given volume of gas requires a
hydrogen separation membrane (HSM) with high selectivity towards
hydrogen. Two broad categories of HSMs can be delineated: (1) mem-
branes where the electrochemical potential of hydrogen and
hydrogen-containing species is higher on the upstream side of the
membranes, and (2) membranes where the electrochemical potential
is higher on the downstream side. Devices that produce energy, such
as fuel cells are representative of type 1 and devices that consume
energy, such as membrane reactors, are representative of type 2.
Concentration cells, where hydrogen is pumped from a lower partial
pressure to a higher partial pressure, are also examples of type 2.
Although there are important electrochemical similarities between
types 1 and 2, the fundamental differences in operation at the device
level are profound, and the two are best treated separately. Only type
2 will be addressed in what follows.
HSMs of type 2 may be further divided into two broad categories
based on the form of the external energy applied to the device. It
takes work to raise the free energy of the gas on the downstream side
above that on the upstream side. The energy is most commonly
applied in the form of electricity, pressure or heat (although the latter
will not be considered here). The energy is applied as a gradient
across the HSM, which acts as a driving force for hydrogen transport.
An electrical potential gradient is employed in a galvanic device
(requiring electrodes), and a hydrogen pressure gradient is employed
in a non-galvanic device (not requiring electrodes). The two energy
forms are equivalent as related by the Nernst equation:
Δϕ¼ RT
2F
Δ ln P ð1Þ
At 1000 K RT/2F evaluates to 0.043 J per Coulomb (or volts).
A pressure gradient of H2 of one million times is equivalent to only
600 mV, so it is easy to see why applying a galvanic potential is far
easier than compressing gases to achieve high pressure gradients.
Since hydrogen diffuses through ceramic proton conductors as
protons, it is necessary to strip electrons from hydrogen gas at the
upstream side of the membrane and resupply them on the down-
stream side. The electrons can either pass through an outer circuit or
they may migrate directly through the membrane, either through a
second electronically percolating phase or by co-diffusion in a mixed
protonic/electronic ceramic. In the case of direct electron migration
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through the membrane, the electromotive force (emf) is determined
by the electrochemical potential gradient across the membrane,
which is determined by the H2 pressure gradient. As such, the emf
is limited to less than about 1 V. In the case of an external circuit,
however, the e.m.f. of the electrons may be boosted by an external
power source, and there is no fundamental limitation to the applied
voltage other than practical considerations of the breakdown of the
ceramic material.
As previously stated, all type 2 HSMs consume energy. The
commercial viability of a particular device is ultimately determined
by the cost of the energy per unit of hydrogen produced. In a pressure-
driven HSM, the energy cost shows up in the form of operating gas
compressors, vacuum pumps and separation of hydrogen permeate
from the sweep gas. In a galvanically operated HSM, essentially all of
the energy consumption is electrical. Faradaic efﬁciency determines
the amount of electric power consumed per unit of hydrogen
produced. 1 A will generate 5.182 μmol/s of H2 at 100% Faradaic
efﬁciency. It is generally more convenient to work in volumetric units
of hydrogen at standard temperature and pressure (SATP), since this is
how the ﬂux measurements are typically made. Using the ideal gas
law at room temperature (298 K, Vm¼24,453 cm3/mol), 1 A is also
equivalent to 7.603 standard cm3 per minute (sccm) (or normal milli-
liters/min, nml/min) of hydrogen. That is, 0.1315 A are required per
sccm of galvanically produced H2. For characterizing membrane
performance it is more convenient to describe current ﬂux per unit
membrane area as “current density” in terms of A/cm2. Upper case J
refers to A/cm2, while lower case j refers to molar ﬂux with units of
mol/cm2s. For H2, with two electrons per molecule, j¼ J/2F. By means
of Faraday's Law, therefore, it is easy to convert back and forth
between current ﬂux and molar ﬂux.
Wagner transport theory [1] provides the general framework
for ﬂux of the kth species in a ceramic membrane with more than
one mobile charge carrier. It is based on the phenomenological
Nernst–Planck equation:
jk ¼
skðrÞ
z2kF
2 ½∇μkðrÞþzkF∇ϕðrÞ ð2Þ
where jk is the partial species ﬂux (in units of mol/cm2s), sk is the
species conductivity obtained from the Nernst–Einstein relationship
(in units of (Ωcm)1), F is Faraday's constant (in units of C/mol), z is
the species native charge, μ is the species chemical potential (in units
of J/mol), and ϕ is the electrical potential (in units of J/C¼volts). From
Ohm's Law, J[A/cm2]¼sE[V/cm], it is seen that s also has units of
C2/(J s cm). The spatial dependence of conductivity, chemical potential
and electrical potential have been explicitly included as a reminder
that these are scalar, time-independent, variable functions at dynamic
equilibrium. ϕ is the electrical potential as determined by Poisson's
equation in matter. Norby et al. [2] derived an expression for the
proton ﬂux in a mixed ionic/electronic conductor,
jH þ ¼
RT
4F2
Z pIIO2
pIO2
stH þ tO2 d ln pO2 þ
RT
2F2
Z pIIH2
pIH2
sðtH þ þtO2 Þd ln pH2
" #
ð3Þ
In order to evaluate this expression, s and the transference
numbers are generally assumed to be constant, or at least
represent average values across the membrane, so they can be
pulled out of the integrals. This requires their values to be
independent of gas pressure at the respective surfaces over
the entire range of integration. The validity of this assump-
tion improves as the integration limits get closer and closer
together, but the consequence is that the magnitude of the
ﬂux also gets smaller and smaller. In the case where tO2 ¼ 0;
H2 gas ﬂux becomes
jH2
mol
cm2s
 
¼ RT
4F2δ
sref
H þ
ln
pIIH2
pIH2
ð4Þ
where δ is the membrane thickness. The factor, 4, in the
denominator accounts for the two protons required per hydrogen
molecule. Eq. (4) is strictly valid only as the ratio of the hydrogen
partial pressures at the membrane surfaces approaches unity – i.
e. when j goes to zero.
Eq. (4) is a poor approximation for thin membranes, deﬁned
approximately as membranes less than the critical thickness,
where the ﬂux is determined by the surface reaction rate rather
than bulk diffusion. Furthermore, all membranes have a space-
charge region near each surface that renders the approximation of
constant conductivity dubious if the space charge thickness is an
appreciable fraction of δ. Both of these problems become incon-
sequential for thick membranes (typically 4100 μm). When bulk
conductivity may be treated as constant and seon{sion, s/δ is
equal to the reciprocal of the bulk membrane resistance times the
cross sectional area. Normalized to 1 cm2, Eq. (4) may be written
as a form of Ohm's Law:
JH2
amps
cm2
h i
¼ RT
2F
1
Rbulk
 
ln
pIIH2
pIH2
ð5Þ
2. BCZY
BaCexZr(0.9x)Y0.1O3d, BCZY, is an acceptor-doped cubic ABO3
perovskite proton conducting ceramic. A complete solid solution
may be fabricated between the end members, barium cerate and
barium zirconate, for 0rxr1. The BCZY series has been recog-
nized for many years as the ideal ceramic proton conductor [3,4],
but compositions containing more than a few mol% Zr proved
almost impossible to sinter into a dense polycrystalline ceramic
until the development of solid-state reactive sintering [5]. Further-
more, traditional sintering resulted in high resistance grain
boundaries that impeded bulk proton transport. Reactive sintering
has been shown to lower grain boundary impedance to an
acceptable level [6]. Making dense and gas-tight BCZY membranes
on a commercial scale is now straightforward. The formulation
used for these studies is ﬁxed at x¼0.2 (BaCe0.2Zr0.7Y0.1O3d), and
is referred to as BCZY27, where 27 indicates the mole fractions of
Ce and Zr.
BCZY27 is actually a mixed ionic/electronic conductor (MIEC)
with as many as 4 different charge carrying species depending on
temperature and oxygen pressure, making analysis of the trans-
port properties extremely complex. A detailed numerical model
recently proposed by Kee et al. based on the Nernst–Planck–
Poisson formalism underscores the problem [7]. However, since
HSMs are intended to operate at low pO2, electronic defects that
could arise from oxidation of the ceramic (ie. n and/or) are of no
consequence. In reducing atmosphere BCZY27 has three charged
species: protons ðOHdOÞ, oxygen ion vacancies ðvddO Þ, and negatively
charged cerium small polarons ðCe0BÞ. (Kröger–Vink notation is
used for point defects where B refers to B-sites in the ABO3
perovskite lattice.) In moist H2, the concentration of cerium
polarons is extremely low, so BCZY27 may be treated as a co-
ionic conductor (CIC) [8], where protons and oxygen ion vacancies
are the only signiﬁcant charge carrying species. In the CIC case, the
applicable heterogeneous defect reaction is Stötz–Wagner hydra-
tion [9]:
H2OðgÞþvddO þOO-2OHdO ; Khyd ¼
½OHdO2
pH2O½vddO ½O

O 
ð6Þ
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In dry ﬂowing H2, reduction of the lattice may occur by
H2ðgÞþOO þ2CeB-vddO þ2Ce0BþH2OðgÞ; Kred ¼
pH2O½vddO ½Ce0B2
pH2 ½O

O ½CeB 2
ð7Þ
In the absence of electrodes or at open circuit, conduction in BCZY
is both by ambipolar counter-diffusion of protons and oxygen
vacancies on oxygen sites and by co-diffusion of protons and ceria
polarons. The respective partial conductivities are sOHnO , svnnO , and
sCeB' . The effective proton transference number is
tOHdO ¼
sOHdO
sOHdO þsvddO þsCe0B
ð8Þ
which is the same as the Faradaic efﬁciency for galvanic proton
transport. The Faradaic efﬁciency is a measure of how good the CIC
approximation ðseon{sionÞ is.
For galvanic operation, however, when electrodes are con-
nected through an external circuit, protons may be incorporated
directly into, and extracted from, the lattice by
H2ðgÞþ2OO22OHdOþ2e
0
; Kdp ¼
½OHdO2½e
0 2
pH2 ½O

O 2
ð9Þ
In this case, the electrons reside mostly in the electrodes, and the
effective conductivity is just the proton conductivity. The oxygen ion
vacancies are essentially immobile with respect to the high mobility
protons. The magnitude of the proton current is controlled by a combi-
nation of ambipolar conduction, which dominates at open circuit, and
galvanic proton conduction, which dominates at high current density.
However, the ambipolar portion of the proton transport with oxygen
ion vacancies results inwater vapor ﬂux [10], while that due to cerium
polarons results in non-galvanic hydrogen ﬂux.
Many galvanic hydrogen “pumping” measurements on various
BCZY proton conductors have been reported in the literature. Pioneer-
ing work by Iwahara was carried out on Y-doped barium cerate as
early as 1988, where H2 ﬂux of 0.65 sccm/cm2 at 100 mA/cm2 was
reported [11]. After further reﬁnements, much higher ﬂuxes (on the
order of 6 sccm at 1 A) in HSMs using Yb-doped strontium cerate were
reported by Matsumoto et al. under a variety of operating condi-
tions [12,13]. In all of these earlier experiments, the HSM specimen
consisted of relatively small diameter monolithic discs, making
quantitative measurement of the H2 ﬂux extremely challenging. More
recently, galvanic hydrogen pumping experiments were reported by
Robinson et al. on thin membrane BCZY27 tubes, similar to the ones
used in the present experiment, where a hydrogen ﬂux of 6 sccm/cm2
was reported at 800 mA/cm2 [14].
3. Stoichiometric titration
Measuring small changes in hydrogen partial pressure in a gas
sample containing water vapor is a daunting experimental challenge
for traditional analytical techniques such as gas chromatography or
mass spectrometry. We propose a measurement technique based on
stoichiometric titration that can detect small changes in hydrogen
pressure against a known hydrogen reference pressure. In this
method, oxygen is slowly added as the titrant to the test gas until
the stoichiometric point is reached, where the last bit of hydrogen has
been consumed to produce water vapor. This point may be resolved
with great sensitivity using a simple zirconia oxygen sensor as a
lambda probe.
3.1. Equilibrium gas pressure
In order to evaluate the hydrogen ﬂux in Eq. 4, the gas pressures at
the two membrane surfaces, which show up in the limits of
integration, must be known for arbitrary gas compositions. Assuming
homogeneous gas-phase equilibrium:
H2þ
1
2
O22H2O; Kw ¼
pH2O
pH2
ﬃﬃﬃﬃﬃﬃﬃ
pO2
p ð10Þ
If m moles of H2 and n moles of O2 are introduced into a closed
container, at equilibrium, x moles of H2O will be formed, and mx
moles of H2 and mx/2 moles of O2 will be left over. The total
number of moles will be
xþðmxÞþ nx
2
 
¼mþnx
2
ð11Þ
The partial pressures are
pH2 ¼
ðmxÞ
ðmþn x2Þ
; pO2 ¼
n x2
	 

mþn x2
	 
; pH2O ¼ xmþn x2	 
 ð12Þ
and
Kw ¼
x
ðmxÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðnðx=2ÞÞ=ðmþnðx=2ÞÞ
p ð13Þ
K2w ðmxÞ2 n
x
2
 h i
x2 mþnx
2
 
¼ 0 ð14Þ
This equation may be rearranged to give a third order polynomial in
x:
ð1K2wÞx3þ2ðK2w1ÞðmþnÞx2K2wð4mnþmÞxK2w
n2m
2
¼ 0 ð15Þ
Since Kw is on the order of 1010 at 1000 K, 1K2w  K2w giving
x32ðmþnÞx2þð4mnþm2Þx2m2n¼ 0 ð16Þ
the roots of which are x¼ fm;m;2ng: Since partial pressure cannot be
negative, xrm and xr2n. In the region where there is surplus
hydrogen, xZ2n, the root x¼ 2m pertains. The oxygen partial
pressure is
pO2 ¼
p2H2O
K2wp
2
H2
¼ x
2
K2wðmxÞ2
¼ ð2nÞ
2
K2wðm2nÞ2
; x-2n ð17Þ
In the region of surplus oxygen, 2nZm, the root x¼m pertains, and
the oxygen partial pressure is
pO2 ¼
ðnðx=2ÞÞ
ðmþnðx=2ÞÞ ¼
ðnðm=2ÞÞ
ðnþðm=2ÞÞ; x-m ð18Þ
The Nernst potential, as determined by the voltage between rever-
sible electrodes attached to the two surfaces of an oxygen ion
conductor, is
VN ¼ 
RT
4F
ln
pOII2
pOI2
 !
¼ RT
2F
ln
pHII2
pHI2
 !
RT
2F
ln
pIIH2O
pIH2O
 !
ð19Þ
The ratio of oxygen pressures has been restated in the second
relationship in terms of the ratio of hydrogen pressures, which is
more suitable for operation with the reducing gases encountered
with HSMs. A correction for steam pressure is required, but this term
may be determined empirically by sensor calibration.
3.2. Lambda point and stoichiometric titration
The Nernst potential may be deﬁned independently of the
characteristics of the electrodes or intervening membrane as long
as the ﬂux of oxygen or hydrogen is small enough so as not to
perturb the gas equilibrium pressure on either side. It is also
necessary to differentiate between VN and Vcell. VN is an abstraction
based on the Gibbs free energy of reactant gases that has nothing
to do with electrodes. Vcell is the voltage measured between two
electrodes. Under certain conditions, when surface defect reac-
tions involving the gas phases are microscopically reversible, so
that charge exchange reactions do not polarize the interfaces and
when no leakage currents ﬂow through the membrane, Vcell-VN .
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An ideal oxygen sensor has the characteristic that the oxygen ion
conductivity is independent of oxygen pressure. This is the case
with ZrO2 oxygen sensors operated at modest temperatures
between 500 and 800 1C and pO2 greater than about 10–25 atm.
In practical oxygen sensors VcelloVN , because the oxygen ion
transference number is not exactly unity, and at extremely high or
low oxygen pressure the departure of cell voltage from theoretical
Nernst potential may be signiﬁcant due to competing redox
reactions. At intermediate pO2 this is generally not a problem.
It may be observed in Eqs. (17) and (18), that both equations
become singular at the stoichiometric point where m¼2n. This is
deﬁned as the lambda point, and there is a large and sudden
change in VN when the test gas on one side of the sensor goes
through this transition relative to a ﬁxed reference gas on the
other side. Slightly to the left of the lambda point the test gas
mixture has surplus hydrogen, and the pO2 is small. Slightly to the
right, the mixture has surplus oxygen with correspondingly small
pH2. If the pO2 of a reference gas on one side of the membrane is
precisely known, the composition of the test gas on the other side
may be determined with extreme accuracy. This principle may
used in stoichiometric titration for determining the hydrogen
content of the permeate gas stream of a hydrogen diffusion
membrane. By introducing (titrating) a known quantity of oxygen
(n in Eq. (4)) from a calibrated mass ﬂow controller for example,
into a ﬂowing gas on one side of the sensor, the hydrogen content
may be determined by the lambda transition. The reference gas on
the other side of the sensor is a matter of convenience, but the
hydrogen and steam partial pressures of the reference gas must be
known in advance. Rearranging Eq. (19), the cell potential of the
oxygen sensor is
Vcell ¼ 
RT
2F
ln
ptestH2
ptestH2O
 !
prefH2O
prefH2
 !" #
ð20Þ
The oxygen partial pressure of a test gas may be determined
directly from an oxygen sensor as long as the partial pressure
gradient in water is known, but for measuring hydrogen in HSMs,
the cell voltage only provides the ratio of pH2 to pH2O. In the
titration experiment, however, as the lambda transition is
approached from reducing to oxidizing conditions, the hydrogen
pressure in the test gas approaches zero while the water vapor
pressure approaches a value of 2 times the oxygen partial pressure
corresponding to the lambda point. Fig. 1 shows simulated
stoichiometric titration curves for two reference gas cases. The
lambda curves are for 100 sccm of test gas at 4% H2/balance Ar
with O2 titrant added as shown on the horizontal axis, with two
different reference gases – dry (99% H2 and 1% H2O) and moist
(80% H2 and 20% H2O). It is observed in Fig. 1 that the lambda
transition occurs at the same O2 mole fraction in both cases, but
the moist reference gas curve is shifted downward relative to the
dry curve. This is of no consequence right at the titration point, but
has a lot of bearing on where the “knee” occurs and the choice of
cell voltage for the calculation in Eq. (20). The reference pH2 and
pH2O must be determined for the system using a calibration
procedure with an impermeable test membrane, such as a quartz
tube, so that no species pass between the tube and shell during the
procedure. By titrating oxygen into the test gas stream containing
a known mole fraction of hydrogen, lambda curves like those
depicted in Fig. 1 are produced, where the exact lambda transition
occurs at 4% H2. The ratio of the reference pH2 and pH2O may then
be determined by parameter ﬁtting.
Rearranging Eq. (20) gives:
ptestH2
ptestH2O
¼
prefH2
prefH2O
0
@
1
A Exp Vcell2F
RT
 
ð21Þ
But to the left of the lambda transition, from Eq. (17):
ptestH2
ptestH2O
¼m2n
2n
ð22Þ
where m and n are the mole fractions of hydrogen and oxygen,
respectively. Solving for m gives
m¼ 2n
prefH2
prefH2O
0
@
1
AExp Vcell2F
RT
 
þ1
2
4
3
5 ð23Þ
One added convenience of stoichiometric titration is that it is
not necessary to measure partial pressures. All that is required is
that m and n have the same units. Galvanic titration allows
conversion of current to molar or volumetric ﬂux. Mass ﬂow
controllers are typically calibrated for volumetric ﬂow, so correc-
tions for atmospheric pressure are not required. By selecting a
ﬁxed cell voltage near the “knee” of the transition, pH2 of the test
gas may be determined with great precision, and the precision
improves the closer the ﬁxed Vcell is to the lambda transition
because the exponential term becomes small. As a practical matter
therefore, it is necessary to stay in the “knee”, somewhat to the left
of the lambda transition when performing such measurements in
reducing conditions.
4. Experimental
Stoichiometric titration requires two identical, but discrete,
tube-in-shell reactors in series ﬂow; one consisting of the hydro-
gen diffusion membrane to be tested and a second one down-
stream, consisting of the lambda sensor (LS). A schematic of the
experiment is shown in Fig. 2. A reference gas, prepared by
humidifying a precision mixture H2 and He, was ﬁrst passed
through the tube side of a zirconia oxygen sensor prior to ﬂowing
through the tube (permeant) side of the HSM under test. The gas
ﬂow rate must be sufﬁcient to ensure that any hydrogen (and/or
He) that passes through the membrane does not appreciably alter
the gas partial pressures of the reference gas. A typical reference
gas was 50/50 vol% H2/He humidiﬁed with 3% H2O using a glass
frit bubbler at ambient temperature. The outlet of this permeant
reference gas from the HSM was either exhausted through a water
bubbler (to maintain slight positive pressure in the system with
respect to ambient atmosphere) or fed to the mass spectrometer
for analysis (Cirrus II Mass Spectrometer, MKS Instruments Ltd. UK
– Spectra Products). A test gas was prepared by humidifying a
precision mixture of H2 and Ar. A typical gas mixture was 1%–4%
H2/bal Ar. The test gas ﬁrst ﬂowed to the inlet of the shell side of
Fig. 1. Example simulation of lambda titration point for moist 4% H2/bal Ar test gas
as a function of increasing oxygen mole fraction, against dry and moist H2 reference
gas, 1% H2O (ﬁlled circles) and 10% H2O (open circles).
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the HSM where it acts as the sweep gas for the permeant gas
picking up any additional hydrogen coming through the mem-
brane. The permeant gas streamwas then passed through a mixing
plenum where pure oxygen was provided through a precision
mass ﬂow controller (red-y smart model #GSC-A9KA-BB21, Vög-
tlin Instruments, AG) calibrated for oxygen from 1 to 100 sccm
with 0.01 sccm resolution. The outlet of the mixing plenum was
then connected to the shell side inlet of the LS where it ﬂowed
through a platinum catalyst to react the O2 and H2 prior to ﬂowing
through the oxygen sensor, and out through a second exhaust
bubbler. The LS, thus, measured the Nernst voltage of the pO2
difference between the reference and test gases of the HSM. The
tube-in shell reactors were placed inside two identical 8" in. wide
electric split-tube furnaces (ATS series 3210, model 1.00-8-3,
Applied Test Systems, Inc. Butler, PA). The lambda sensor in
Furnace 1 was operated at a ﬁxed temperature of 723 1C, inde-
pendently of the operating temperature of the test HSM in Furnace
2. The experiment was carried out in the real-time LabView
operating environment using feedback control to adjust the O2
MFC setting automatically to maintain a constant Nernst potential
in the oxygen sensor based on changing hydrogen ﬂux.
4.1. Lambda sensor
The experimental setup used a 3/8 in. OD by 10 in. long closed-
one-end (COE) 8YSZ oxygen sensor tube (ZDY4, CoorsTek, Inc.
Golden, CO) as the lambda probe. Porous platinum (ESL 5542,
ElectroScience ESL, King of Prussia, PA) metallization was applied
to the inside of the tube and patterned on the outside to form the
electrodes. The platinum was ﬁred in air at 1000 1C for 15 min,
with up to two coats of platinum applied as necessary to obtain
conductor resistance below 5 Ω. The outer electrode, consisting of
a wide solid band near the closed end and intended for operation
in the hot zone of the furnace, was connected to a narrower band
near the open end by a Pt stripe for attachment of a Pt wire outside
the furnace. The inside electrode was applied as a continuous
coating, wrapping around the tube end, and extending on the
outside at the open end. The lambda sensor assembly is shown in
Fig. 3. The open end of the sensor tube was inserted into a
standard gas-tight stainless steel O-ring tee ﬁtting (Ultra-Torr SS-
6-UT-3). Leads were attached on the outside of the tube to make
contact to the inner and outer electrodes for the voltage measure-
ment. A 1/8 in. OD12 in. long alumina feed tube was inserted
through an O-ring adapter (Ultra-Torr SS-2-UT-A-6) extending to
the closed end of the sensor tube. Alumina was used because it is
inert in either oxidizing or reducing environments, which could
otherwise alter the pO2 inside the tube. This inlet tube extended to
the closed end of the sensor tube to allow for preheating of the gas
and to ensure that the gas composition near the hot zone
electrode was representative of the test gas stream. A 1/8 in.
stainless steel tube in the transverse port was used as the outlet
port outside the furnace and inserted through a second adapter
as shown.
The lambda sensor assembly was inserted into a 3/4 in.
OD10 in. long quartz tube (shell) through an O-ring Union
(Ultra-Torr SS-12-UT-6) and adapter (Ultra-Torr SS-6-UT-A-8).
A second 3/4 in. Union and adapter were attached to the other end
of the quartz tube. 1/8 in. to 3/8 in. adapters (Ultra-Torr SS-2-UT-A-6)
were inserted into the remaining ports, and ﬁtted with 3 in. long
stainless steel tubes to serve as the shell gas inlet and outlet ports.
A type-K thermocouple (KMQSS-062U-12, Omega Engineering) was
inserted on the outside of the lambda probe opposite the sensing
electrodes.
The LS assembly was vacuum tested for gas tightness and placed
in to the furnace with the outer electrode of the oxygen sensor
positioned in the center of the furnace hot zone. Gas supply lines
consisted of slipping the end of 1/8 in. ID1/4 in. OD Tygon E-1000
tubing (Saint-Gobain Performance Plastics, Akron, OH) over the 1/
8 in. tubes of the four ports. The use of Tygon tubing rather than rigid
compression ﬁttings enabled considerable ﬂexibility in experiment
set-up. Gas lines could be easily re-routed with minimal disruption to
the experiment, and leakage through the slip ﬁt was minimal because
the entire system was maintained slightly above ambient pressure.
Furthermore, since explosive mixtures of hydrogen and oxygen were
often present, the use of these slip ﬁts provided an added measure of
safety, since the tubes would simply pop off in the event of over-
pressurization due to combustion.
4.2. Lambda sensor operation
The lambda sensor was operated isothermally at a temperature
around 723 1C. Since the oxygen was titrated into the stream at
ambient temperature, the shell gas was composed of some fraction
of unreacted hydrogen and oxygen prior to entry into the sensor.
The high temperature inside the furnace and platinum catalyst at
the inlet ensured that these gases were fully equilibrated by the
time they reached the O2 sensor outer electrode.
Calibration of the lambda sensor involved measuring the Nernst
voltage as a function of closely controlled shell pO2 using an
impervious quartz calibration tube in place of a hydrogen diffusion
membrane in the upstream tube-in-shell test furnace. In this way, the
sensor could be calibrated under operating conditions identical to
those existing when a hydrogen diffusionmembranewas being tested,
except without any additional hydrogen ﬂux. All of the Tygon tubes
were interconnected and ﬂow rates established by mass ﬂow con-
trollers and measured using a 100 ml Bubble Flow Meter adjusted
for ambient air pressure. A ﬂask bubbler was installed on the outlet
of the LS tube to provide a slight back-pressure and prevent any
back-diffusion of ambient air. It also served as a convenient way to
Fig. 2. Schematic of ﬂow sequence in stoichiometric titration experiment.
Fig. 3. 3/80 0 100 0 long ZDY4 oxygen sensor and lambda sensor assembly.
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monitor the tube stream ﬂow. A Tee was provided on the outlet
stream of the shell gas with one port connected to a second ﬂask
bubbler, and the other port was connected to a heated sample line to
the Cirrus Mass Spectrometer with a shut-off valve included when the
mass spec was not in use.
For the shell gas, about 100 sccm of nominally dry 4% H2-bal Ar
was delivered to a mixing manifold at constant ﬂow rate through a
mass ﬂow controller. Pure oxygen was delivered to the mixing
manifold through a precision mass ﬂow controller The MFC was
connected to a computer via USB and controlled from LabView. A
typical titration proﬁle involved sweeping the oxygen ﬂow from
1 to 3 sccm and back to 1 sccm at 0.01 sccm/min change rate. The
entire proﬁle required 800 min, which was found to be slow
enough so that the latency in the system due to the ﬁnite volume
was not a factor. This could be veriﬁed by observing the point
where the hysteresis between the increasing and decreasing pO2
portions of the titration proﬁle became negligible.
4.3. Hydrogen separation membrane tube-in-shell
The design of the HSM tube-in-shell apparatus was identical to
the LS tube-in-shell, except the LS was designed to operate at
constant temperature, while the HSM needed to operate over the
full temperature range from room temperature to about 900 1C.
A trade-off is necessary between slower space velocity of the shell
gas in the HSM and the time required for the gas to equilibrate and
ﬂow through the lambda sensor. This is further complicated by the
total ﬂow of the shell gas and the amount of diluent gas used – the
higher the diluent ﬂow, the higher the sensitivity to the titration
species, but the shorter the time available for thermal equilibration in
a ﬁxed volume cross-section of the ﬂow path. Since interpretation
of LS relies on the assumption that the shell gas in the HSM is
homogeneous and fully equilibrated with the membrane, it is
essential that ﬂow be plug-ﬂow.
The hydrogen diffusion tubes tested were nominally 10 mm
OD8.5 mm ID25 cm long BaCe0.2Zr0.7Y0.1O3d, BCZY27, prepared
by solid state reactive sintering [5]. These tubes consisted of a co-ﬁred
continuous membrane approximately 30 μm thick of dense electro-
lyte coating applied to the exterior of a slip-cast, porous cermet, Ni/
BCZY27, closed-one-end tubular supporting electrode, with about
700 μmwall thickness. A platinum outer electrode (cathode), like that
shown in Fig. 2, was applied to the exterior of the HSM. The tubes
were pre-tested for hermeticity by checking for bubbles when
immersed in IPA with pressurized He applied to the inside up to
2 barg. Although the tubes were substantially hermetic, a few small
pinhole leaks, estimated at 30–100 nm in size, were typically
observed at higher pressures. The HSM tubes were then assembled
into a tube-in-shell reactor described above.
An external voltage, Vps, was applied to the HSM electrodes by an
Agilent E3644A Programmable Power Supply. The cell voltage Vcell
and cell current Icell were measured by separate Agilent 34401A
Multimeters. These instruments were interfaced to a LabView master
control program via HPIB/USB. A Real-time clock stamp, cell thermo-
couple, lambda probe thermocouple, lambda probe voltage (Vnernst),
oxygen MFC setting, Vcell, and Vcell were logged continuously through-
out each run with a sample interval of 60 s.
4.4. Calibration tube
The lambda sensor was calibrated to the tube-in-shell reactor
for the zero-ﬂux condition using a “dummy” closed-end quartz
tube with the same dimensions as the BCZY hydrogen diffusion
tubes (3/8 in. OD10 in. long). With the calibration tube inserted
into the membrane reactor it was possible to obtain lambda
transition curves under the same operating conditions that would
otherwise be experienced by an actual hydrogen diffusion tube,
including all temperature and pressure effects.
5. Results and discussion
Stoichiometric titration measures total hydrogen in the permeate
shell gas, which may originate from several possible sources. Since it
is not possible to measure the true ﬂux through a membrane directly,
it is often incorrectly assumed that hydrogen “ﬂux” is the area speciﬁc
equivalent of the total hydrogen ﬂow rate normalized to the active
area of the HSM under test. This should more correctly be referred to
as the apparent ﬂux. True protonic ﬂux is the measurement of
interest. Hydrogen permeating through cracks, pinholes and seals
constitutes point sources and should not be confused with the true
ﬂux, which is assumed to be uniform throughout the area of the
membrane. One of the advantages of galvanic measurements is that
the portion of the hydrogen ﬂux that passes as protons through the
membrane, perpendicular to the electrodes may unequivocally be
determined by the ﬂow of current as long as the protonic transfer-
ence number is known. Furthermore, the non-Faradaic hydrogen leak
rate may be determined by extrapolating the Faradaic protonic ﬂux to
zero at zero current.
5.1. LS calibration
The quantitative measurement of hydrogen (from all sources) in
the shell gas stream requires careful calibration of the ZrO2 lambda
sensor under operating conditions (temperature and ﬂow rates)
identical to the test conditions for the HSM under test except with
zero hydrogen ﬂux. LS calibration was carried out using a quartz
“dummy” tube inserted into the HSM test furnace. The quartz tube
was operated at room temperature, while the zirconia lambda sensor
was maintained at 723 1C. The shell gas used for the calibration was
nominally 4% H2/bal Ar, ordinary “safety gas” provided premixed by
the gas vendor. Fig. 4 shows a calibration lambda cycle for “dry” H2
reference (tube) gas against test (shell) gas with addition of oxygen
titrant from a precision mass ﬂow controller. The oxygen titrant was
slowly increased from 1 to 3 mol% (solid markers) and then decreased
rom 3 to 1 mol% (open markers) at 0.005 mol%/min. The black curve
is a plot of the Nernst potential model using Eqs. (17) and (18), with
parameters adjusted to ﬁt the increasing O2 portion of the calibration
data. The lambda point occurs when the oxygen molar ﬂow exactly
Fig. 4. Lambda Sensor calibration for “dry” H2 tube gas using a quartz “dummy”
tube at room temperature. Lambda sensor Vcell for increasing O2 (ﬁlled blue) and
decreasing O2 (open blue) titrant. Nernst voltage model (black line) ﬁtted to the
stoichiometric titration curve for increasing O2 in the shell gas at 0.25 V. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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equals one half the hydrogen molar ﬂow. In the chart, this occurs at
2.27 sccm O2, which corresponds to 4.54 sccm of H2. (The precise
amount of hydrogen in the sell gas is of no consequence, however this
titration technique could also be used to conﬁrm that the hydro-
gen content in premixed bottled gases conforms to the vendor
speciﬁcation.)
The tube gas was nominally “dry” hydrogen. However, the oxygen
sensor is not ideal, introducing some oxygen into the tube gas within
the sensor. This introduces some quantity of moisture, which is an
artifact of the oxygen sensor. The main purpose of the LS calibration
procedure is to measure the moisture, which shows up in Eq. (21) as
the pre-exponential ratio of pH2,ref to pH2Oref in the reference (tube)
gas due to the inﬂuence of the oxygen sensor. In order to shift the
model curve up or down to ﬁt the calibration curves, it was necessary
to adjust the tube gas composition in the model to 89.5% H2 and
10.5% H2O. Furthermore, the model curve was ﬁt to the “knee” of the
increasing titration curve in the vicinity of 0.25 V, where subsequent
test gas ﬂux measurements were to be carried out.
It may be observed that there is considerable hysteresis in the
calibration titration curves between increasing and decreasing O2
addition. This is a consequence of ﬁnite oxygen ion conduction in the
lambda sensor. When the sensor passes through the lambda transi-
tion from low to high voltage, the chemical potential gradient of
oxygen changes by many orders of magnitude. At about 0.6 V it may
be observed that the curve jogs to the right of the model due to the
introduction of additional oxygen diffusing through the sensor tube
wall itself. Upon decreasing O2 the extra oxygen persists until the cell
voltage drops below the midpoint where the oxygen gradient once
again becomes small, but the perturbed oxygen vacancy concentra-
tion across the sensor is equilibrated to the high pO2 value, which
does not relax until a sufﬁciently low pO2 value is reached. The
magnitude of this hysteresis effect is actually quite small – only
0.1 mol% – but it demonstrates the extraordinary sensitivity of the
titration technique. It also underscores the importance of maintaining
the operating conditions to stay to the left of the lambda transition.
For actual measurements, oxygen was only added slowly until the
knee of the curve was reached from the left so that the oxygen
gradient across the sensor was kept small (less than 0.3 V).
The lambda transition point is practically invariant to the
hydrogen partial pressure in the tube gas, variations, of which,
only translate the curve up and down. It is the hydrogen partial
pressure in the shell gas that determines the horizontal position of
the lambda transition – very small changes, which translate the
curve to the left or right. The real utility of the stoichiometric
titration method for precisely determining hydrogen content in
the shell gas is found in this characteristic of the lambda titration
curve. The transition takes place within a narrow range of oxygen
pressures. The resolution of the MFC was 0.01 mol%, so H2 ﬂux
may be determined to 0.0170.01 sccm. If the total shell gas ﬂow
rate is 100 sccm, then the hydrogen ﬂux can, in principle, be
measured to a precision of 200 ppm.
One additional point needs to be made regarding the use of a
quartz calibration tube: most of the oxygen and hydrogen in the
shell gas stream remain unreacted at room temperature. At room
temperature in the HSM cell there is no ignition source, so the
oxygen and hydrogen presumably enter the lambda sensor
unreacted. It is not until the gases come into contact with the hot
platinum catalyst and electrode of the zirconia lambda sensor that
the reaction reaches equilibrium. It is necessary that the unreacted
gases react quickly in order for the interpretation to be valid.
Generally, it is of no consequence where the reaction actually
occurs, except that it is assumed that the gas phase reaction is in
equilibrium within the lambda sensor. However, considerable heat
may result from the water formation reaction, and due considera-
tion must be given to the temperature rise in the oxygen sensor
tube, if any.
5.2. BCZY27 conductivity and transference number determination
The transport properties of ceramic proton conductors in the BCZY
family of solid solutions have been extensively reported in the
literature. For the present membrane experiments, bulk conductivity
measurements on BCZY27 specimens were carried out in moist (2.5%)
and dry hydrogen by impedance spectroscopy in a separate series of
experiments [15]. These two atmospheric conditions are typical of the
asymmetric tube-and-shell operation in the HSM ﬂux measurement
experiment. Fig. 5 shows the equilibrium conductivity in Arrhenius
form. The conductivity in moist hydrogen exhibits the dehydration
phenomenon characteristic of ceramic proton conductors at elevated
temperatures [8], with a plateau at about 600 1C. The true slope for
proton transport occurs below 500 1C, where the activation energy
for migration is 0.41 eV. The activation energy at high temperatures in
dry hydrogen (between 700 and 900 1C) was about 0.92 eV, which is
characteristic of Ce0B small polaron hopping. Assuming protons
constitute the majority species in moist hydrogen and that cerium
polarons constitute the majority species in dry hydrogen, the proton
transference number may be estimated as
tOHnO ¼
sOHnO
sOHnO þsCeB'
ð24Þ
The proton transference number as a function of temperature is also
plotted in Fig. 5 (red). It may be observed that tOHnO falls off rapidly
with increasing temperature. The conductivity at 700 1C was deter-
mined to be 2.77 mS/cm in moist hydrogen and 0.26 mS/cm in dry
hydrogen, giving tOHnO ¼0.91. The presumption is that in a membrane
operated under asymmetric conditions, the region of the membrane
on the dry side will reﬂect the dehydrated equilibrium conductivity,
and the moist side, the hydrated conductivity. This results in a
conductivity gradient across the membrane, which can be integrated
(in theory) to give an effective conductivity, having an interme-
diate value. An HSM separating moist and dry hydrogen will have a
proton transference number that varies through the thickness of
the membrane, and 0.91 is only the mean value. In this case, the bulk
conductivity across the membrane would vary by one order of
Fig. 5. Arrhenius conductivity plot of BCZY27 bulk conductivity between 450 and
900 1C in moist (dashed black) and dry (solid black) hydrogen. The estimated
proton transference (red) is plotted on the right hand axis. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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magnitude when asymmetric pH2O conditions exist, making it difﬁ-
cult to assign a single value to sref in Eq. (4). Nevertheless, a mean
value of 1.4 mS/cm is a reasonable approximation. The BCZY27
membranes tested in this report were about 30 μm thick and the
area of the platinum electrode was about 8 cm2, so the effective
galvanic resistance of the membrane may be estimated by R¼ t=sA to
be about 0.27Ω.
Alternatively, the cell resistance was evaluated from polarization
curves for Vcell vs. Icell. For the titration experiment (to be described in
the following section), a voltage from an Agilent 3644A program-
mable power supply was applied to the cell with the positive lead
attached to the feed side (tube) electrode. The voltage, Vps, was swept
from 1 to 8 to 1 V at 10 mV/min. The cell voltage, Vcell, and cell
current, Icell, were measured using separate Agilent 34401A multi-
meters. The resulting polarization curve is shown in Fig. 6. The gray
line is the applied voltage from the power supply and the black
line is Vcell, both plotted against Icell. The d.c. ionic polarization
resistance is calculated as ðVpsVcellÞ=Icell, giving a value of
0.685Ω. The balance of the resistance, Vps=Icell ¼ 4:95Ω, is due to
the platinum current collectors. It may be observed that the
polarization curve is linear over the entire range, which means that
no non-ohmic effects, such as surface reaction kinetics or concentra-
tion polarization, are present. Back-calculating the effective conduc-
tivity of the electrolyte from the 0.685Ω value gives 0.55 mS/cm – a
value closer to that of dry hydrogen from the Arrhenius conductivity
plot in Fig. 5, and well below the mean value of 1.4 mS/cm. This
demonstrates that trying to determine transference numbers in
membranes with asymmetric atmospheres using simple linear
assumptions can only yield approximate results.
5.3. HSM background leak measurement
It is difﬁcult to correlate leaks on the size scale of 10–100 nm
observed by bubble checking at room temperature under pressure
with the true hydrogen leak rate in the HSM tube-in-shell under true
operating conditions. Typically a large partial pressure gradient in
hydrogen is present across the membrane, but the total pressure
gradient is small. The apparent leak rate of the HSM tubes was
determined at room temperature by comparing the lambda titration
transition with the null calibration. Furthermore, hydrogen leak rates
due to different transport mechanisms may be present. The hydro-
gen ﬂux of primary interest in these experiments was due to proton
transport, which is measured as an equivalent galvanic current.
The ambipolar (non-galvanic) proton ﬂux in BCZY27 is extremely
small, but the ambipolar seam permeation may not be insigniﬁcant
[10], so the fundamental challenge of measuring this ﬂux was to
ensure that the leak rate was much less than the galvanic protonic
ﬂux. Since the galvanic hydrogen ﬂux must be zero at zero current,
the leak rate (which includes ambipolar diffusion of hydrogen and
steam) is easily determined by adjusting the y-intercept of the
trendline of the galvanic H2 ﬂux up and down. The slope of the
trendline determines the Faradaic efﬁciency. The offset ﬂux value of
0.058 sccm/cm2 was attributed to all other transport mechanisms
not of galvanic origin.
5.4. HSM ﬂux measurement
The stoichiometric titration experiment (STE) described in this
section was carried out under isothermal (700710 1C) and isobaric
(0.8270.01 atm at 1600 m elevation). A slight overpressure was
applied to both the tube and shell ﬂow streams using a water bubbler
at each exit with about 2 cm of water head. The tube ﬂow was
nominally dry hydrogen at 60 sccm and the shell ﬂow was dry Ar at
150 sccm plus any oxygen titrant. The experiment was carried out at
constant Vnernst of 0.25 V as measured by the ZrO2 lambda probe. This
was accomplished by using a feedback loop in the Labview control
program to adjust the oxygen mass ﬂow controller up and down as
necessary to compensate for the changing hydrogen ﬂux in the shell
ﬂow. In this way, the ratio of pH2 to pH2O was kept constant, and the
lambda sensor calibration as shown in Fig. 4 was used. The oxygen
mass ﬂow controller was calibrated for 1–100 sccm with 0.01 sccm
steps. The power supply voltage was swept from 1 to 8 to 1 V in a
triangle wave at a constant change rate of 720mV/min, so the entire
run lasted about 12 h. The time required in the tube-in-shell system
for a change in oxygen ﬂow to be reﬂected by a change in lambda
sensor voltage was about 15 s, so it was necessary to carry out the
experiment slowly enough to maintain equilibrium. The operating
proﬁles vs. elapsed time for the run are shown in Fig. 7.
The cell was polarized by the power supply, Vps, so that electrons
were removed from H2 on the tube side and returned on the shell
side. The negative of Vcell is plotted, accordingly. Some initial
equilibration is observed during the ﬁrst hour, but thereafter the
proﬁles are all linear. The variability in Vnernst is due to the MFC step
size limitation of 0.01 sccm, which over- and under-corrects for the
galvanic ﬂux. The discontinuity at the apex is due to the latency in
Fig. 6. Vps vs. Icell (gray) and Vcell vs. Icell (black) polarization curves for 30 μm
BCZY27 membrane at 700 C.
Fig. 7. Operating proﬁles for STE at 700C vs. elapsed time. Vcell (purple), Icell
(blue), MFC O2 ﬂow (green) – all in appropriate units. The lambda probe Vnernst is
plotted on the right-hand axis (red). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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the tube-in-shell system, but it is seen that the Nernst voltage of the
lambda probe was maintained constant at 0.2570.02 V throughout
the experiment. Evaluating the constant expression in the brackets in
Eq. (23) for the operating conditions and lambda sensor at 711 1C
gives
prefH2
prefH2O
0
@
1
A Exp Vcell2F
RT
 
þ1¼ 1:0234 ð25Þ
In other words, at Vnernst¼0.25 V the ratio of m/2n is slightly greater
than unity, meaning 2% of the available hydrogen remains unreacted.
Fig. 8 shows the STE plot for the BCZY27 membrane tube from
Fig. 7 on the downward scan from 8 to 1 V. The measured apparent
galvanic hydrogen ﬂux in sccm/cm2, as determined by stoichio-
metric titration, has been plotted against equivalent Faradaic ﬂux
calculated as Icell times 7.6 sccm/A, and normalized for the elec-
trode area of 8 cm2.
The trendline has been adjusted to pass through the origin by
subtracting 0.058 sccm/cm2 for the background leak. The slope of
the curve gives the Faradaic efﬁciency of 95%, which is consistent
with the protonic transference number obtained from conductivity
measurements in Fig. 5.
6. Conclusions
The method of stoichiometric titration for measuring hydrogen
ﬂux in HSMs has been described in detail. The method was
demonstrated on BCZY27 supported membrane closed-end tubes
with great success. Speciﬁcally, the galvanic hydrogen ﬂux was
measured by scanning the applied voltage, where a maximum ﬂux
of 1.4 sccm/cm2 was obtained at 8 V at 1.6 W/cm2, or 1.14 W/sccm
of hydrogen produced. The BCZY27 proton conductor exhibited a
Faradaic efﬁciency of 95%, and was stable in the use environment
during about 500 h of combined testing at 700 1C. The non-
galvanic leak rate was measured at 0.058 sccm/cm2, and negligible
ambipolar steam permeation was detected. Such performance
meets or exceeds the most demanding H2 ﬂux requirements for
the practical applications envisioned for these tubes. More impor-
tantly, the STE technique has general applicability beyond just
galvanic operation. For example, the method is just as useful for
measuring H2 ﬂux in MIECs at open circuit as a function of
temperature. However, galvanic operation provides an unambig-
uous way to differentiate between galvanic proton ﬂux and non-
galvanic hydrogen ﬂux from all other sources. Almost any HSM
with sufﬁcient hydrogen selectivity is a candidate for STE.
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